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The moderately repetitive Ca3 fragment ofCandida albicans has been used as an effective DNA fingerprinting
probe in epidemiological studies. EcoRI digestion of Ca3 DNA results in seven fragments of 4.2 kb (A), 2.98
kb (B), 2.85 kb (C), 0.77 kb (D1), 0.77 kb (D2), 0.38 kb (E), and 0.30 kb (F). Five of these EcoRI fragments
have been mapped in the 5'-3' order C B D1 A D2. The intact Ca3 probe and the three largest EcoRI fragments,
A, B, and C, were individually used to probe Southern blots of EcoRI-digested DNA of a set of test strains,
transverse alternating field electrophoresis-separated chromosomes of strain 3153A, and Northern (RNA) blots
of test strain 3153A. Fragments A, B, and C each generate a different Southern blot hybridization pattern with
EcoRI-digested whole-cell DNA; Ca3 sequences are present in at least five of seven separable chromosomes and
a minichromosome of strain 3153A; fragments A, B, and C are distributed differently on chromosomes; and
fragments A, B, and C do not cross-hybridize. Ca3 hybridizes to three major transcripts of 2.8, 2.3, and 1.5
kb. Fragment A hybridizes intensely to the 1.5-kb transcript, while fragments B and C both hybridize intensely
to the 2.8- and 2.3-kb transcripts. The B fragment, which contains 2,980 bp and contributes to the major
portion of the Ca3 pattern, was sequenced. Both direct and inverted repeat sequence motifs were identified.
These results provide us with initial insights into the evolution of the Ca3 pattern and the nature of the probe.

Although the yeast Candida albicans remains a pervasive
pathogen in humans, relatively little is known about the
relationship between commensal and infecting strains, the
origins of infecting strains, transmission of the organism
between individuals, and strain specialization (9, 20, 21). To
answer these questions, DNA fingerprinting methods which
utilize species-specific, moderately repetitive DNA se-
quences as probes have been developed (13, 16, 18, 25).
Such probes generate relatively complex Southern blot
hybridization patterns which differ between most strains but
are relatively stable within a single strain over many gener-
ations (16, 18). By comparing band positions and intensities
between patterns of different strains, a similarity coefficient
(SAB) calculated between every pair of strains can be used to
generate dendrograms (18). This process has been enhanced
by the development of the computer-assisted Dendron sys-
tem which provides image processing, automated scanning,
calculation of similarity coefficients, genesis of dendro-
grams, and retrospective analyses of large numbers of
strains (17, 18, 20, 22).
One such fingerprinting probe, Ca3, is C. albicans specific

(13, 26), generating a pattern of between 15 and 25 bands of
various intensities. Ca3 fingerprinting has proven effective in
a number of epidemiological studies involving significant
numbers of strains (8, 17, 18, 20, 21, 23-26). Because the
Dendron system retains the digitized Ca3 Southern blot
hybridization pattern of every C. albicans strain analyzed
and retrospectively compares all newly analyzed strains with
all previously analyzed strains, a data base for epidemiolog-
ical studies which can be used for the analysis of geograph-
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ical distribution, transmission, and strain specialization is
evolving (17, 19, 22, 24). The data base now contains Ca3
Southern blot hybridization patterns of more than 300 inde-
pendently isolated strains of C. albicans, with information
on every host.
Because of the potential value of Ca3 in epidemiological

studies, it is important that we learn as much as we can about
the evolution of the Ca3 hybridization pattern so that we can
weight band differences in the SAB calculation in order to
describe more accurately genetic relatedness between
strains in dendrograms. A more complete molecular charac-
terization of the Ca3 probe is one prerequisite to this
objective. Here, we have used the three largest EcoRI
fragments of the Ca3 probe, A, B, and C, to identify
homologous bands in the total Ca3 hybridization pattern. We
have also mapped the distribution of these fragments on
individual chromosomes of the originating strain 3153A,
sequenced the entire B fragment, and identified two major
transcripts which hybridize with the B and C fragments and
one which hybridizes with the A fragment. These results
provide us with the first insights into the genesis of the Ca3
pattern and the nature of the probe.

MATERIALS AND METHODS

Southern blot hybridization and genesis of dendrograms.
Cells from storage cultures maintained on SM agar (10 g of
glucose, 10 g of Bacto Peptone, 1.0 g of MgSO4. 7H2O, 2.2
g of KH2PO4, 1 g of K2HPO4, 1 g of yeast extract, 10 g of
Bacto Agar, in 1 liter of H20) were grown in YPD medium
(2% glucose, 2% Bacto Peptone, 1% yeast extract) to late log
or early stationary phase at 25°C, and genomic DNA was
prepared by the methods of Scherer and Stevens (15). The
concentration of DNA in each preparation was measured by
ethidium bromide dot quantitation (6). Each DNA prepara-
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tion was then digested with EcoRI, separated on a 0.8%
(wt/vol) agarose gel, transferred by capillary blotting to
nitrocellulose membrane, and hybridized with nick-trans-
lated probes (18). Probes included the intact Ca3 sequence
(13, 18, 25), the three major EcoRI fragments of Ca3 (A, B,
and C), and the three XbaI fragments of B (B-1, B-2, and
B-3). Three replica gels, each containing the same set of
DNA preparations, including the standard strain 3153A and
12 clinical isolates, were simultaneously analyzed with dif-
ferent probes and were stripped and rehybridized with
additional probes. The three replica gels exhibited Ca3
hybridization patterns which were nearly indistinguishable.
The method for calculating the similarity coefficient (SAB)

between pairs of Southern blot hybridization patterns has
been described in detail in a previous report (18). Patterns of
the same strain on different gels result in an average SAB of
0.96. Independent, unrelated test isolates result in an aver-
age SAB of 0.69 (18), which has been considered a value
reflecting unrelatedness. Patterns with no shared molecular
size bands result in an SA of 0.00. An arbitrary threshold for
highly related strains has been set at 0.85 by previous studies
(24). Dendrograms were generated through the Dendron
program (18, 20, 22, 24) by the unweighted pair group
method (19).
Mapping of lambda Ca3. Ca3 mapping was done according

to the method of Rackwitz et al. (11) by partially digesting
Ca3 DNA with EcoRI for various timed intervals and then by
hybridization in solution to 32P-labeled oligonucleotide
probes ON-L and ON-R according to the manufacturers
specifications (Promega Biotec, Madison, Wis.). The labeled
partial digests were fractionated in a 0.4% agarose gel in 1x
TAE (0.04 M Tris-acetate, 0.001 M EDTA) for 48 h at 1.5
V/cm and then autoradiographed. Additional mapping was
performed with the restriction enzymes DraIII, PstI, and
Sal, which had unique sites within each fragment of Ca3.
The multiple Southern blots of these digests were hybridized
with the radioactive EcoRI fragments A, B, C, D1, and D2.
The common hybridization band(s) resulting from any two
Ca3 restriction fragments indicated neighbor relations and
the order of the five EcoRI fragments of Ca3.

Pulsed-field gel electrophoresis. Chromosomal plugs were
made from logarithmically growing suspension cultures of
strain 3153A. Cells were treated with a zymolase and no-
vozyme mixture, and the resulting spheroplasts were sus-
pended in 1% SeaPlaque GTG agarose (FMC BioProducts,
Rockland, Maine). The plugs were treated for 60 h in an
EDTA-proteinase K-sarcosyl mixture at 50°C. Washed plugs
were stored at 4°C in a solution of 10 mM Tris-HCI and 1 mM
EDTA, pH 8.0. Transverse alternating field electrophoresis
(TAFE) was carried out in a Beckman Geneline apparatus
with 0.65% LE agarose and lx TAFE (Tris-acetate) buffer
(Beckman Instruments, Inc., Palo Alto, Calif.). The electro-
phoresis protocol was in five stages as follows: 100 V for 6 h,
with a 1-min switch time; 100 V for 12 h, with a 2-min switch
time; 100 V for 16 h, with a 4-min switch time; 100 V for 20
h, with a 7-min switch time; and 80 V for 18 h, with a 10-min
switch time. Gels were stained with ethidium bromide and
photographed. Chromosomal DNA was then transferred to
Zetabind membrane (Cuno, Inc., Meriden, Conn.), and
Southern blot hybridization was carried out according to the
method of Church and Gilbert (3).
DNA sequencing and computer analysis. The sequence of

the 2,980-bp EcoRI B fragment of Ca3 was determined by
subcloning into pGEM-3Zf(+) plasmid vector. Both orienta-
tions of the sequence were derived by the dideoxy-chain
termination method (14) with Sequenase version 2.0 (U.S.
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FIG. 1. Southern blot (A) of EcoRI-digested DNA of test strains
of C. albicans hybridized with the moderately repetitive genomic
probe Ca3 and a dendrogram (B) based on the similarity coefficients
generated by the Dendron program. (A) Southern blot of 12 inde-
pendent strains. The designations for the 12 independent strains can
be found to the right of the dendrogram (B). Lane 13, repeat of strain
3153A also represented in lane 1. The bands of strain 3153A which
encompass the size range used in SAB computations between all
strains are labeled a through k. The molecular sizes of a through k
estimated by comparison to known standards run in parallel are
presented to the right of the panel. (B) Dendrogram of the strains in
the Southern blot (A) based upon the SAB values computed between
all pairs by the Dendron software package. hp22, -27, -29, -31, -36,
and -49 represent healthy young women; anatomical origins of the
isolates include vu, vulva; vp, vaginal pool; vw, vaginal wall; an,
anus; bt, back of tongue; and ch, cheek (buccal epithelium).

Biochemicals, Cleveland, Ohio). The entire DNA sequence
was achieved by subcloning various smaller restriction frag-
ments into suitable pGEM plasmid vectors. Certain regions
of the sequence were derived by using two sets of gene-
specific oligonucleotide primers. These primers are: (i)
5-CAAGTTGTGATGGAAAG-3 (1205 to 1221) and its com-
plementary primer 5-CTJTJCCATCACAACTl'G-3 (1221 to
1205) and (ii) 5-AGCTTGATCTAGGGGCT-3 (1717 to 1733)
and its complementary primer 5-AGCCCCTAGATCAA
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FIG. 2. Southern blots of reference gels probed with the three major EcoRI fragments of Ca3. A, fragment A; B, fragment B; C, fragment
C. a through k represent the bands of reference strain 3153A in the size range from 2.25 to 7.9 kb (see complete pattern generated by Ca3 in
Fig. 1A); y represents a high-molecular-weight band not used in standard computation of SAB values. The strain code can be found to the right
of the dendrogram in Fig. 1B. Lane 13, repeat of strain 3153A.

GCT-3 (1733 to 1717). The B fragment was sequenced in
both orientations, except for 17% of the fragment. This
portion of the sequence was confirmed by using two or more
independently isolated plasmid clones. Sequence analyses
were performed both with Microgenie Software (Intellige-
netics) and with Genetics Computer Group software (Uni-
versity of Wisconsin, Madison, Wis.) (4).
RNA analysis. For Northern (RNA) blot analysis, total

cellular RNA from strain 3153A was isolated by the guani-
dinium isothiocyanate extraction method (2). Fifteen micro-
grams of RNA was fractionated on a formaldehyde-1.25%
agarose gel. Gels were blotted onto a Zetabind nylon mem-
brane and hybridized with radioactively labeled Ca3 as well
as with the EcoRI fragments A, B, and C by the method of
Church and Gilbert (3). Molecular weights were estimated
from known molecular weight standards run in parallel.

Nucleotide sequence accession number. The nucleotide
sequence reported here for fragment B has been submitted to
GenBank and assigned accession number L11068.

RESULTS

The basic Ca3 Southern blot hybridization pattern. When
probed with the entire Ca3 fragment, Southern blots of
EcoRI-digested DNA of C. albicans strains exhibit patterns
composed of 10 to 20 bands of relatively high intensity and 4
to 6 bands of low intensity. The diversity of patterns
obtained from different strains and the similarity of patterns
of strains sampled from different body locations of the same

individual or from different individuals are demonstrated in
the Southern blot in Fig. 1A. These relationships are dem-
onstrated in the dendrogram in Fig. 1B, generated from the
similarity coefficients (SABS) calculated between all pairs in
the group of 11 clinical isolates and laboratory strain 3153A
in the Southern blot in Fig. 1A.

Southern blot hybridization patterns of the three major
EcoRI fragments of Ca3. Since the Ca3 sequence is quite
large, including approximately 12 kb, we did not know if the
entire sequence or only a small portion of the sequence was
responsible for the Southern blot hybridization pattern, or
what portion of the sequence was repetitive in the genome.
We therefore digested the sequence with EcoRI in order to
examine the hybridization patterns of the individual frag-
ments. Fractionation of the EcoRI-digested Ca3 probe on a
1.2% agarose gel resulted in six fragments with the following
approximate sizes: A, 4.2 kb; B, 3.2 kb; C, 2.85 kb; D, 0.77
kb; E, 0.38 kb; and F, 0.30 kb. Further restriction fragment
analysis (see Materials and Methods) demonstrated two D
fragments of 0.77 kb, D1 and D2, and ordered the five largest
fragments in the sequence C B D1 A D2.

Hybridization of EcoRI-digested DNA of reference strain
3153A with the entire Ca3 probe generates a pattern which
includes bands with approximate molecular sizes of 7.9, 6.5,
5.8, 5.4, 4.5, 3.8, 3.45, 3.35, 3.3, 2.68, and 2.25 kb. These
bands have been coded a through k, respectively, in Fig. 1A.
EcoRI fragments A, B, and C of Ca3 were each used to
probe one of the replica gels. In strain 3153A, fragment A
hybridized intensely with bands c and e (Fig. 2A); fragment
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FIG. 3. Pixel density scans of the Southern blot hybridization

patterns generated with the EcoRI fragments A, B, and C of the Ca3
probe for strain 3153A (lanes 1 in panel A, B, and C of Fig. 2). Band
labels are explained in the legends to Fig. 1 and 2. Southern blot
hybridization patterns were automatically scanned for pixel density
by the Dendron software package for fragments A, B, and C, and
summed (Sum A+B+C). The Ca3 hybridization pattern for strain
3153A (lane 1, Fig. 1A) was also scanned and compared with the
individual scans and summed scan. Molecular sizes (in kilobases) of
the bands are presented at the bottom of the figure.

B hybridized intensely with bands a, b, e, f, g, h, i, and k
(Fig. 2B); and fragment C hybridized intensely with bands d
and j (Fig. 2C). In addition to the coded bands a through k in
the size range from 7.9 to 2.25 kb, fragment C hybridized
with a band, coded y, at 19 kb (Fig. 2C). In Fig. 3, scans are

plotted of the Southern blot hybridization patterns of EcoRI-
digested DNA of strain 3153A probed with fragments A, B,
or C (lanes 1 in Fig. 2A, B, and C, respectively). The
individual scans were compared with a computer-generated
summed plot (Sum A+B+C) as well as to a plot of the intact
Ca3 pattern. The individual scans not only demonstrate the
position of major bands, but also suggest low-intensity bands
in the fragment A pattern at a, f, and h, and a high-molecular-
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FIG. 4. Southern blot hybridization of TAFE-separated chromo-
somes of C. albicans 3153A with the intact Ca3 probe, and EcoRI
fragments A, B, and C. Seven chromosomal bands (1 through 7) and
a minichromosome (m) were separated in each lane and are visual-
ized by ethidium bromide staining to the left of each blot. Southern
blots were exposed for various times to demonstrate the full
hybridization pattern.

weight band (x) in the B pattern at roughly 12.5 kb. The most
intense bands in the A-fragment pattern (c and e) clearly
differ from the most intense bands in the C-fragment pattern
(y, d, and j). Only one major band (e) in the B-fragment
pattern, the most complex pattern of the three fragments,
correlates with a band in the A-fragment pattern, and no
major bands in the B-fragment pattern correlate with major
bands in the C-fragment pattern. The summed scans of the
A-, B-, and C-fragment hybridization patterns exhibit every
band in the intact Ca3 pattern between 2.3 and 19 kb (Fig. 3).
Strict additivity in the summed plot (Sum A+B+C) is not
expected, since band intensities are not in the linear densit-
ometry range for pixel analysis by the Dendron program.
The differences in the banding patterns for A, B, and C
suggest that they do not share major homologous sequences;
this conclusion is reinforced by the absence of cross-hybrid-
ization between the three EcoRI fragments of Ca3 (data not
shown).

Variability between strains of the Southern blot hybridiza-
tion patterns generated with the individual Ca3 fragments. (i)
Fragment A. The Southern blot hybridization pattern of
EcoRI-digested DNA of strain 3153A probed with fragment
A contained two major bands at 5.8 and 4.5 kb (Fig. 2A and
3). For the additional test strains in the master gel, fragment
A hybridization generated three different patterns (Fig. 2A):
5.8- and 4.5-kb bands (hp27an, hp27vu, hp27vw, and hp29vw
[lanes 2, 3, 4, and 6, respectively]), as in the case of strain
3153A; a 5.8-kb band alone (hp22vu and hp49vp [lanes 11
and 12, respectively]); or a 4.5-bp band alone (hp29ch,
hp3lbt, hp3lvp, hp36bt, and hp36vw [lanes 5, 7, 8, 9, and 10,
respectively]).

(ii) Fragment B. The Southern blot hybridization pattern of
EcoRI-digested DNA of strain 3153A probed with fragment
B contained 8 of the 13 major bands of the intact Ca3 pattern
in the molecular size range from 2.25 to 19.0 kb (Fig. 2B; Fig.
3, lane 1). For the additional test strains in the replica gel,
fragment B generated a variety of patterns (Fig. 2B). All
strains contained the 3.45 (g)- and 3.3 (i)-kb bands. All other
bands exhibited variability between strains. In most cases,
variability involved the presence or absence of a band at a
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FIG. 5. Southern blots of reference gels probed with the intact fragment B and the three XbaI subfragments B-1, B-2, and B-3. a through
k represent the bands of reference strains 3153A (see complete pattern generated by Ca3 [Fig. 1A]). The strain code can be found to the right
of the dendrogram in Fig. 1B.

particular molecular size position. The most variant patterns
were observed in the unusual strains hp22vu (Fig. 2B, lane
11) and hp49vp (Fig. 2B, lane 12) (24). Excluding strains
hp22vu and hp49vp, the patterns of all other strains con-
tained the 7.9 (a)- and 2.25 (k)-kb bands (Fig. 2B).

(iii) Fragment C. The fragment C pattern of strain 3153A
(Fig. 2C, lane 1) contained 3 of the 13 major bands in the
molecular size range from 2.25 to 19.0 kb (Fig. 2C and 3).
The patterns of all additional strains in the master gel probed
with fragment C contained two of these bands, at 5.4 (d) and
2.68 (j) kb (Fig. 2C); except for the unusual strains hp22vu
(lane 11) and hp49vp (lane 12), all contained a number of
additional bands of high intensity, just below 2.68 kb (j), and
several bands between 5.4 kb (d) and 19.0 kb (y), which have
been demonstrated to vary in Ca3 Southern blot hybridiza-
tion patterns between highly similar strains isolated from
different body locations of the same individual (24). Exam-
ples of this variability are evident both in the Ca3 hybridiza-
tion patterns (Fig. 1A) and the fragment C hybridization
patterns (Fig. 2C) for the pairs hp27an-hp27vu (lanes 2 and
3), hp3lbt-hp3lvp (lanes 7 and 8), and hp36bt-hp36vw (lanes
9 and 10).

Distribution of the A, B, and C fragments in C. albicans
chromosomes. TAFE separates the chromosomes of C. albi-
cans 3153A into seven major bands (12). Our TAFE gels also
discriminated a low-molecular-weight minichromosome pre-
viously demonstrated in strain WO-1 (7). The intact lambda
Ca3 probe hybridized to chromosomes 1, 3, 5, 6, and 7 and
the minichromosome (Fig. 4). Strong hybridization signals
were observed with chromosomes 1, 3, 6, and 7, and
moderate hybridization was observed with chromosome 5

and the minichromosome. A negligible signal was observed
with chromosomes 2 and 4 (Fig. 4). TAFE blots were then
probed with each of the three largest EcoRI fragments of
Ca3. Fragment A hybridized intensely with chromosome 7
and moderately with chromosome 1 (Fig. 4). There was
weak to negligible hybridization with chromosomes 2, 3, 4,
5, and 6 and the minichromosome. Fragment B hybridized
intensely with chromosomes 5 and 7, moderately with chro-
mosomes 1 and 6 and the minichromosome, and weakly or
negligibly with chromosomes 2, 3, and 4, (Fig. 4). Fragment
C hybridized intensely with chromosomes 1, 3, and 6,
moderately with chromosomes 5 and 7, and negligibly with
chromosomes 2 and 4 and the minichromosome (Fig. 4).

Southern blot hybridization patterns of the three XbaI
fragments of fragment B. Since fragment B generated the
hybridization pattern most similar to that of the intact Ca3
probe and generated the highest number of intense bands,
we further analyzed the B fragment by digestion with the
endonuclease XbaI and used the XbaI fragments of B to
reprobe replica gels of EcoRI-digested DNA. The B frag-
ment possessed two XbaI sites and generated fragments B-1
(931 bp), B-2 (1,237 bp), and B-3 (812 bp). The hybridization
pattern of EcoRI-digested DNA of strain 3153A probed with
the B fragment included bands a, b, e, f, g, h, i, and k (Fig.
5). The hybridization pattern generated with B-1 included
intense bands at f and i, a weak band at g, and very weak
bands at a, b, and e (Fig. 5). The patterns generated by B-2
and B-3 included all bands in the pattern generated by the
entire B fragment, and at roughly the same relative intensi-
ties. In Fig. 6, scans of the 3153A hybridization patterns for
the individual XbaI fragments of B are plotted, a summed
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FIG. 6. Pixel density scans of the Southern blot hybridization
patterns generated with the XbaI subfragments B-1, B-2, and B-3 of
fragment B for strain 3153A (lanes 1 in panels B-1, B-2, and B-3,
respectively [Fig. 5]). Southern blot hybridization patterns were

automatically scanned for pixel density by the Dendron software
package. Summed scans and a scan of the B-fragment hybridization
pattern are also plotted for comparison. Molecular sizes (in kilo-
bases) of the bands are presented at the bottom.

plot (B-1 + B-2 + B-3) was generated, and the summed plot
was compared with the scan of the B-fragment pattern. It is
evident in the scans that (i) in the pattern of B-1, band g is
reduced and bands a, b, e, h, and k are either greatly reduced
or negligible and (ii) the patterns of B-2 and B-3 are similar to
that of the intact B fragment (Fig. 6).
The DNA sequence of the B fragment. Because of the

significance of the B fragment in the genesis of the Ca3
pattern, the entire fragment was sequenced (Fig. 7). The B
fragment is composed of 2,980 bp, and the overall G + C
composition of the sequence is 33%. The B fragment con-

tains three putative open reading frames greater than 35
amino acids in length between 831 and 1,034 bp, 2,742 and
2,891 bp and 1,455 and 1,589 bp. Respective lengths were 68,
50, and 45 amino acids. A search indicated no significant
amino acid homology with any known protein in the Swiss
Protein data base for any of the three open reading frames.
The B fragment contains several direct and inverted repeat

sequences. At stringencies between 75 and 92% identity, 18
pairs of direct repeat sequences were identified. Repeats are

distributed throughout the B fragment. The two longest
direct repeats included a 28-bp repeat with 75% identity,
starting at 540 and 1,165 bp of the B sequence (sequences a
in Fig. 8), and a 27-bp repeat with 74% identity, starting at
1,559 and 2,850 bp of the B sequence (sequences b in Fig. 8).
Four elements varying between 12 and 20 bases were re-
peated three to four times in the B fragment.
The B fragment also contains a number of inverted re-

peats. With the same stringency parameters as those for
direct repeats, 27 pairs of inverted sequences were identified
in the B fragment. The longest pair was 30 bp in length and
was located at 1,638 and 2,889 bp along the B fragment
(sequences c in Fig. 8). Four pairs of inverted repeats of 10
bp with 100% identity were identified in the B fragment at
1,622 and 1,657, 206 and 1,972, 1,600 and 2,028 and 421 and
2,811 bp. Two novel inverted repeats located at 265 and
1,657 bp of the B fragment were 11 bp long, exhibited 91%
identity, and were both flanked at one end by the direct
repeat CAT, a characteristic of some transposons.

Northern blot hybridization of the three major Ca3 frag-
ments. The entire Ca3 probe and the three major fragments
A, B, and C were individually used to probe Northern blots
of whole-cell RNA of strain 3153A (Fig. 8). The entire Ca3
probe hybridized with RNAs of 2.8, 2.3, and 1.5 kb. The A
fragment hybridized strongly with RNA at 1.5 kb and very
weakly with RNA at 2.8 and 1.5 kb. The B fragment
hybridized strongly with RNA at 2.8 and 2.3 kb and very
weakly with RNA at 3.2, 1.9, and 1.5 kb. The C fragment
hybridized strongly with RNA at 2.8 and 2.3 kb and very
weakly with RNA at 1.5 kb.

DISCUSSION

The Ca3 probe was originally cloned from a partial EcoRI
digest of strain 3153A cellular DNA (13). Complete EcoRI
digestion of Ca3 divided the probe into five major fragments,
which were estimated by comparison with standard DNA
markers to be approximately 4.2 kb (fragment A), 3.2 kb
(fragment B), 2.85 kb (fragment C), 0.77 kb (fragment D1),
and 0.77 kb (fragment D2) in length, and two minor frag-
ments, which were estimated to be approximately 0.38 kb
(fragment E) and 0.30 kb (fragment F) in length. The
sequence of fragment B provided the more accurate molec-
ular size of 2.98 kb. We have ordered the major fragments as
follows: C B D1 A D2. The Ca3 probe hybridized with five
major chromosomal bands and one minichromosomal band
of strain 3153A, separated by TAFE. Two chromosomes of
strain 3153A (2 and 4 in the numbering system used in this
study) did not hybridize significantly with the intact Ca3
probe. Therefore, these two chromosomes are either devoid
of Ca3 sequences or contain very low copy numbers. Chro-
mosomes hybridizing with Ca3 exhibited different levels of
intensity, suggesting that they contain different copy num-
bers of either the entire probe or specific regions of the
probe. Our data also suggest that Ca3 does not remain intact
among the different repeats. If all repeats were identical,
then digestion of whole-cell DNA should result in seven
bands. In fact, most strains of C. albicans so far examined
exhibit between 15 and 25 bands with intensities which do
not decrease with decreasing molecular weight, demonstrat-
ing that the Ca3 sequence is not complete in some repeats.
This conclusion is supported by the hybridization patterns of
TAFE-separated chromosomes of strain 3153A probed with
the major EcoRI fragments of Ca3. In no case did the relative
hybridization intensities of a fragment compare exactly with
those of the entire Ca3 probe. In the case of fragment A,
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1 GAATTCAAAATGAATACCATTGGATTTGCCCTGTGACATGAAGGATAAGAATGACTATTG

61 ACATTTGGAAACTAACCCGATATTCCATTAACGAGTAACAATCATTTTACTGGCATCTAT

121 ACCATTTGGAATTTCCGTAGTTACAATCCAAAGCTTCAGTTCATGAAAATATTTTGTTGT

181 TATATTGCTTCTATCAAGAAAACCCTTGTCAAATAAAGGAGAATATTAGTAGATCATTTA

241 CTAATTAGTGAAGTACCGTATCCTCATCCATGTTGATTTGCTAGATTGGTTTGCCTTCAT

301 ACATGTTGGCTGTACACCAAAGAAGTGTTGATAAGAGTATCATCATCGCAGAATTTGGTT

361 AAGGGAAAGTGATGTGAATTAAACTGGTGCTGATTCATGGCTGGTGTGATAACTAATATG

421 GTTGTATTATGCACATATTGACTTGGTTATAGTCATTGACTGGTGTTGTTATTGTTAGGT

481 TAAGATAATGAAGGGCCAACCGACTTCTATAATTAGAATTATTTAAATTGGATATCAAAC
a

541 TTGGGGTGTGTTAGAACAAGCAAAGTTGCAATATAAGCATATGTGAATTGTCCATTTAGA

601 GAGATAACCCACTGGAAGTCTATTGCTAGTTGTAGTTATATAGAATTTAGTGTTTACTAC

1501 GTATCTATGAGATTATAACTATTTCTTTTGAGGTTGTTAGTAGCAAAATGGCAATGATTG

1561 TTAATACTATTAGTGCCAATAGAGTATAGATTCCACTGGCTGCCATTTTATCAATTGAGT

1621 ACATTTTGATTACTTAGTGCTTCCCTTTGGAAAATCAATCAAAATGGCATTAATATAATG
c

1681 TTTAAGAACCAGTGGACAATAAATGATGTTATTTTTAGCTTGATCTAGGGGCTATTCATT

1741 TTCATTTCCCAACCAAGTTACGATAGATGATATGTGTTTGGACACTATTCACATACTACC

1801 ATAACATTCACAGTTATTTGTCTTAGACATAAGTTCAAAGGATATTCACTTAAAACCTTG

1861

1921

1981 ATTAACGAGATACTAGTTTGTTTGAAAGAAGAATTAAAAGTATTAGGAAAATGGCAGAAT

2041 AATTTCTCTTCTGTTGTGGTATACTTTCAGGATCTTCCTTAAGTGTTCCCAAATCTAGCG

2101 GTGCCAACAATCAAAATTCAATTGGAAAGTCATCAGTTGCATCTACATGGGGATGAGTTA

TATAATAAATGTTCATAGTTGGTAGTATAATATAGACATTACTGTAGTTTGTCAGAATTA

GATCATTCTTATTCTACTAGTAACTCAGGAAACACTTTCATCAGTCGTTGTCCGCTGAAC

781 TAGGTCTAAGATTCTGATTTTACTTGCAATTCTAGTTCCATCAAGTTTCTATGGTGTGCC

ACTCTATGCGAATGTCTACGTCCAAAAAAACCAGCACAAAATTTCTCATACATTAAAAT

TTATTCTTACTTATCATCCACCTTACTCTCTTCTAGACTACATCAATGAATCAACATATT

ATATACACTCGAAGATAGATAACATGGTATTGATAAAAATATGTTTTATCCTGGTTCTCT

1021 GTATCAAATATTGATTGAAAAATTCGGTGTTCCAGTGTCAACAATTATAAGTGCTGCCCG

1081 TGGTATTTGACGACCGGCAGTTGCCATGATTATCAATAATACCTTCTACTACTAATGAAT

1141

1201

CAAAAAAAATACTCATGGATTGTCCTTTGGTTGTCTAAGAACAAGTTAGGTTTTGTCTGA
a

ATATCMAGTTGTGATGGMAAGTGTCAAAAATCTGTTGCAGMATAATATGGGMACAATCGT

1261 CTAAGAAATTTTAGTGATGCAAGAAGGTTTTTACAACATTTGAAAATTGTTCATTCATGA

1321 AATTTTAGAAACATGACTTCTATCAGTGATAATGCTAGTGATGAAGATGTATTCAGTGGT

1381 GGATTTGATTATCCCAAGACCACTTGTCTATGATTGAGTATTAAGAATGAGAGTCATTCT

1441 AAATTCAATGAAGCATGGTTTACAAATTGGGAGAGAATGTCAATAGTTCTTTCATATTCA

2161

2221

GTTCTAGAAAGGTTTTGCTGTCTTGCACAA
"---O

2281 TCATTGAAAAAGAGAAGCAACATAATCAATTAGATTCCCACTTTAACACGAATGGAATAG

2341

2401

2461

GATTGAATAAGATCACAATAAAAAACTGCAACCTTATTCTGTTCACAACAAGGTCGACTT

2521 CAACTCTTTATTGTTTCGGAAGGCTTACTGTTGGGGGTTTCTTTCTTTCATTTTTATTTG

2581 TCTACATTATGATTGTACTATCAATGGGGTAACGCGCCACTAGTATCGTTACAACTAATC

2641 GAAGCATCACAAAGGAAGGACAATCGTGAATAAGCTAATAGGAGCGTTTCATTTAGTTTG

2701 AATCGGATGTACTTTGGCTATATTAATTAACTGTTGTATTTTTACCCTACACATACATAT

2761 CTGCAGGAATCACACAAAATTGTCAAATTTACATACTTAAGGATTCCCAAATAATACAAC

2821 TTGCTATAACTCATGAAATAATGGAGTTCTTTTAATACTATTGCTACCGTTATGGTCAGA
b

2881 AACTTGGGCATTTTGGATTCATGTTAAAAACAGAAGTATTTTTATTTTAAGCTGTGTGAA
c

2941 CTTTACCCGGGGTAAGTGTTAGGTTTTTTCATTTGAATTC

FIG. 7. Sequence of the EcoRI fragment B of the Ca3 probe. The sequence contains 2,980 bp. Direct repeat sequences a, at 540 and 1,165
bp (75% identity), and b, at 1,559 and 2,850 bp (74% identity), are underlined. Inverted repeat sequences c, at 1,638 and 2,889 bp (73%
identity), are also underlined. The XbaI sites are underlined with dots.

there was intense hybridization with chromosome 7 and
weak to negligible hybridization to the rest of the chromo-
somes and minichromosome, suggesting that A may be
represented either exclusively on chromosome 7 or in high
copy number on 7 and very low copy number on the other
chromosomes. The hybridization pattern of A with EcoRI-
digested DNA indicated a maximum of two band sizes in all
strain patterns, suggesting allelic differences. Fragment B
hybridized intensely with chromosomes 5 and 7, and frag-
ment C hybridized intensely with 1, 3, and 6. These hybrid-
ization patterns suggest that different portions of the Ca3
probe are represented unequally on the chromosomes of
strain 3153A.
One would expect all EcoRI fragments of the Ca3 probe to

have molecular weight counterparts in the pattern of strain
3153A, from which the original Ca3 fragment was cloned.
Since the molecular sizes of all fragments (except B) were
initially estimated on gels by comparison with known mo-
lecular weight standards run in parallel, the estimates cannot
be considered very accurate, and one can only approximate
the band in the total pattern which correlates with the
fragment sequence. In addition, fragments B and C generate
hybridization patterns containing several bands of different
intensities, indicating differences in redundancy. Since
probe Ca3 represents only one of many genomic fragments
containing B and/or C, it is not known if the EcoRI fragments

B and C from Ca3 migrate with any of the intense bands
representing redundant fragments of equal size.
Our results demonstrate that fragment B accounts for a

significant portion of the Ca3 hybridization pattern. Subfrac-
tionation of the B fragment into threeXbaI and hybridization
of each subfragment to EcoRI-digested whole-cell DNA of
strain 3153A resulted in similar patterns for fragment B and
the XbaI fragments B-2 and B-3. However, an altered
hybridization pattern was obtained forXbaI fragment B-1, in
which hybridization with bands a, b, and k were dramatically
reduced. These results suggest that B-2 and B-3 sequences,
but not B-1 sequences, are present in most B repeats.
The three major EcoRI fragments of the Ca3 probe also

generated different hybridization patterns between strains.
Fragment A generated three alternative patterns which in-
cluded band c alone, band e alone, or a combination of bands
c and e. Fragment B, on the other hand, generated a far more
complex pattern which varied between strains, but most
band positions were relatively invariant and were either
present or absent in test strains. The B patterns of all strains
contained bands g, h, and i. However, the B patterns
contained a, b, or a and b and either possessed or lacked
band f. The B hybridization patterns of all but the unusual
vaginal strains hp22vu and hp49vp (24) contained a band at
e, a band slightly larger than e, or both. In addition, the
patterns of strains hp36bt and hp36vw probed with B con-
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FIG. 8. Northern blots of whole-cell RNA of C. albicans 3153A
probed with the intact probe Ca3, EcoRI fragment A, EcoRI
fragment B, or EcoRI fragment C. The molecular sizes (in kilobases)
of only the major hybridization bands are presented to the left.

tained a band slightly smaller than b, and strains hp22vu and
hp49vp contained a unique high-molecular-weight band. The
C fragment generated patterns with the most variability for a
subset of low-intensity, high-molecular-weight bands. These
bands have been demonstrated to represent the only differ-
ences in Ca3 hybridization patterns between pairs of highly
related strains isolated from the oral and vaginal cavities of
healthy women, and the differences were previously inter-
preted to represent genetic divergence between substrains
separated in different body locations of the same individual
(24).
Because the B fragment contributes more to the Ca3

pattern than the other fragments, it was the first to be
sequenced. The sequence contains three open reading
frames, but none are homologous to any known sequences in
the EMBL nucleic acid data base or to proteins in the Swiss
Protein data base. Since the Ca3 fragment is C. albicans
specific, resulting in weak or negligible hybridization with
related species (13, 25, 26), its rate of change must be
relatively rapid, which may explain why homology to known
genes was not discovered for the B fragment. The B frag-
ment contains a number of direct and inverted repeat se-
quences. However, the presence of these repeat elements
does not result in random rearrangements, since the posi-
tions of the majority of bands in the B hybridization pattern
are limited in different strains (18).
We have found that there are three major transcripts

which hybridize intensely to the Ca3 probe. The smallest of
these is 1.5 kb and hybridizes almost exclusively with the A
fragment. The two larger transcripts are 2.8 and 2.3 kb, and
both hybridize with the B and C fragments but not with the
A fragment. Since fragments B and C map as neighbors in
the Ca3 probe and since they do not cross-hybridize, the 2.8-
and 2.3-kb transcripts most likely represent transcripts of a
continuous sequence containing B and C.

This initial characterization of the Ca3 probe has provided
us with information on the contribution of EcoRI fragments
of the probe to the Ca3 hybridization pattern. It has allowed
us to identify sequences which are either invariant or which
vary between strains. It has provided us with information on
the variability between Ca3 sequences in the genome and

their distribution on different chromosomes. It is clear that
the Ca3 probe is not intact and equally distributed through-
out the genome. However, it is also clear that there are not
an infinite number of Ca3 hybridization patterns in different
strains (18), suggesting that even though there is Ca3 vari-
ability within the genome, there must be some prescribed
rules for rearrangement. Perhaps the most interesting se-
quences identified in this study are the high-molecular-
weight EcoRI fragments which are highly variable between
related strains (24) and which are homologous to the EcoRI
C fragment. Changes in the positions of these bands will be
weighted far less than changes in the less variable B bands in
a complex computation of the similarity coefficient. We have
therefore begun to characterize and sequence the EcoRI C
fragment in the second phase of the characterization of the
Ca3 probe.
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